Pathologists have long been familiar with the curious mononuclear cells which occur in the blood in infectious mononucleosis but until relatively recently most accounts have been largely concerned with morphological aspects. Other methods of investigation-electron microscopy, cytochemistry, autoradiography, and various immunological procedures -have now been used in more detailed studies of these cells, the results of which provide the main basis for this review. The material is presented in two sections. Part I deals principally with the morphology, ultrastructure, and cytochemistry of the atypical cells, their proliferative activity and possible immunological functions. In Part II, these observations are used in a discussion of three more general topics: the nature of the atypical cells, their possible origin, and their relationship to leukaemic cells.
Two problems arise in any study of infectious mononucleosis: the selection of diagnostic criteria and the choice of a suitable name for the atypical cells. There is now reasonable agreement that clinical, haematological, and serological criteria should all be satisfied before the diagnosis of infectious mononucleosis is made and this policy has been followed here. The nomenclature of the atypical cells is more difficult. Their occurrence in a wide variety of clinical conditions as well as in normal subjects (Efrati and Rozenszajn, 1960; Giacardy and Giacardy, 1961; Pearmain and Lycette, 1963) illustrates the inadequacies of 'glandular fever cells' and of 'virocytes' (Litwins and Leibowitz, 1951) ; 'atypical lymphocytes' may, by implication, be too restrictive a term, and the various hybrid names which abound in the older literature-lymphocytic plasma cells, lymphomonocytes, lymphatic monocytes, etc.-are confusing and often conflicting. They are referred to here as 'atypical mononuclear cells', a clumsy term but one which is at least noncommital.
PART I
MORPHOLOGY
The appearance of atypical mononculear cells in conventionally stained blood films has been repeatedly described and will not be considered in detail although three purely practical points are worth stressing. First, it is essential to have smears of the highest quality: films which are unevenly or thickly spread or heavily stained are quite useless for adequate appraisal of morphological details in the atypical cells. Secondly, the cells are particularly sensitive to the distorting effects of anticoagulants and all smears should be made as quickly as possible. After two-and-a-half to three hours' contact with E.D.T.A. or heparin at room temperature, an increasing number of cells develop various abnormalities, such as marked irregularities of the cell outline and of the nucleus, alterations in nuclear chromatin, and increased cytoplasmic vacuolation. Quite apart from adding to the difficulties in diagnosis, these various changes also obtrude into research procedures which make use of white cell concentrates. The preservation of fine cellular detail in autoradiographs, for example, is often not entirely satisfactory. (Reinauer, 1961; Paegle, 1961; Inman and Cooper, 1965) , although it must be admitted that the account by Reinauer, which includes lymph node material, is not easy to evaluate. Only one (low) Paul-Bunnell titre is given and bewildering numbers of different cell types are differentiated on electron-microscopic criteria without parallel descriptions of their morphology in the light microscope'. Clearer results were presented by Paegle (1961) , who described a remarkably consistent ultrastructure in the circulating atypical mononuclear cells, despite their pleomorphism in conventional preparations. Apart from their larger size, most of the cells showed the general electron-microscopic features of lymphocytes and the few differences which were noted were of a relatively minor kind. Thus the atypical cells showed larger and more indented nuclei, an increase in the number and size of the mitochondria, and increased numbers of compound vacuoles and granules, none of which were sufficiently prominent to constitute a clear-cut distinction from normal lymphocytes. A few atypical mononuclear cells were also present with smaller mitochondria and rather more endoplasmic reticulum which resembled monocytes, but in the great majority of cases the endoplasmic reticulum and Golgi apparatus were poorly developed. Complex arrangements of these structures comparable to those found in plasma cells were never seen, a point which is of importance when considering possible immunological roles for the atypical cells, especially the synthesis of antibody (see section 5). Inman and Cooper (1965) Hayhoe, 1953; Mitus, Bergna, Mednicoff, and Dameshek, 1958; Quaglino and Hayhoe, 1959) but few accounts deal with this condition in any detail (Galbraith, Mitus, Gollerkeri, and Dameshek, 1963) . As with the electron-microscopic findings, the cytochemical properties of these cells do not bear out the pleomorphism which is apparent in conventional films. A reasonably consistent pattern of staining is seen which is summarized in Table I . Only two discrepancies have been noted. (2) Conversely, they appear to lack 'nadioxidase' which is usually present in normal lymphocytes and monocytes, a surprising finding as the particles stained in this procedure may be mitochondria (Hayhoe, 1963) , which are well developed in the atypical cells.
(3) They contain large amounts of acid phosphatase, the normal distribution of which is still disputed. Some writers regard this as characteristic of lymphocytes (Rabinovitch and Andreucci, 1949; Haight and Rossiter, 1950) , and others as more typical of monocytes (Galbraith et al., 1963) .
(4) The ambiguities of lipid staining have already been mentioned.
Of the individual findings, the variable pyroninophilia is perhaps the most interesting, although it is emphasized that this reaction is usually moderate and confined to quite a small proportion of cells. The close correlation between basophilia, pyroninophilia, and RNA synthesis is now well established (White, 1947) , and the question inevitably arises, Are these pyroninophilic forms young cells which are synthesizing structural proteins for growth, or are they mature cells forming 'extrinsic' proteins such as antibody globulins (c.f. plasma cells)? If the latter is true, do the increased amounts of P.A.S.-positive material, particularly the diastase-resistant elements, perhaps represent the carbohydrate moiety of such proteins which, in the 19S yM group of immune globulins, forms up to 10% of the total molecule (Franklin, 1964) ? Evidence to be discussed later suggests that the first interpretation is the correct one and that the pyroninophilic elements are young cells which are not concerned with the synthesis of antibody proteins.
MITOTIC ACTIVITY, AUTORADIOGRAPHIC STUDIES, AND CHROMOSOME PATTERNS Isolated binucleate and dividing cells have occasionally been noted in routine blood smears in infectious mononucleosis (Bowcock, 1939; Sundberg, 1960) and they can be demonstrated in a high proportion of white cell concentrates during the acute phase of the disease (Carter, 1965b) . The majority of such cells are in prophase and metaphase; the relative scarcity of cells in the later stages of division probably reflects (a) the shorter duration of telophase and anaphase characteristic of most other dividing blood cells (Japa, 1942; Cronkite, Bond, Fliedner, and Rubini, 1959) and (b) the deleterious effects of centrifugation and contact with anticoagulants. Dividing forms are fragile and may be particularly susceptible to damage at this stage. Premitotic activity in the atypical mononuclear cells has now been investigated by various workers using autoradiographic techniques with tritiated (3H) thymidine, a specific nucleoside precursor of DNA (Gavosto, Pileri, and Maraini, 1959; Bertino, Simmons, and Donohue, 1962; Hale and Cooper, 1963; Epstein and Brecher, 1965; Carter, 1965b; Schmid, Oeschlin, and Moeschlin, 1965; MacKinney, 1965) . In general, there is satisfactory agreement between the various results. Apart from Schmid et al. (1965) , who observed no difference in labelling 'at initial or more advanced stages of the disease', most authors find that the uptake of 3H thymidine is increased during the acute phase, falling back to the normal low levels between the fourth and sixth weeks. The maximum number of labelled forms varies between 5 0 and 9 5 % in different series, although Bond, Fliedner, Cronkite, Rubini, Brecher, and Schork (1959) mention one case with 16f2 % labelling. The label is confined to the nuclei of the atypical mononuclear cells. Many of these show increased cytoplasmic basophilia but this is not a constant finding and the cytoplasm of some labelled cells is distinctly pale. In the study by Bertino et aL. (1962) , 3H-thymidine uptake is well correlated with increased levels of certain enzymes known to be involved in folic acid metabolism. (A few accounts also include autoradiographic studies with 3H-cytidine to investigate RNA synthesis. In general, the pattern of uptake is similar to that described for 3H-thymidine and -it appears that increased DNA and RNA synthesis moves in parallel.)
Interpretation of the increased uptake of 3H-thymidine by atypical mononuclear cells is not entirely straightforward and various problems arise.
1 Nuclear labelling combined with the distortions produced during the preparation of white cell concentrates may obscure fine structural detail.
Appraisal of cytological features suggesting relative maturity or immaturity of the labelled cells is therefore difficult and their precise characterization, e.g., as lymphocytoid, monocytoid, or plasmacytoid types (Schmid et al., 1965) , is hard to evaluate.
2 Some workers have suggested that the increased 3H-thymidine uptake might indicate impending synthesis of viral, rather than cellular, DNA (Gavosto et al., 1959; Bertino et al., 1962) . But no virus particles have been demonstrated in electronmicroscopic studies (Reinauer, 1961; Paegle, 1961) , and work by Hale and Cooper (1963) has clearly demonstrated that it is cellular DNA which is being formed.
3 Not all atypical cells labelled with 3H thymidine go on to divide (Epstein and Brecher, 1965; MacKinney, 1965 (Carter, 1965b) . Secondly, virtually nothing is known about the progeny of the dividing cells. Gavosto et al. (1959) postulated that the atypical cells might be totipotent, perhaps comparable to members of the 'mobile pool of primitive progenitor cells' described by Bond et al. (1959) , but there is no evidence for this view. MacKinney (1965) suggests that they give rise to 'small round cells resembling lymphocytes' in vitro, but this is clearly a field for further investigation. Lastly, it is emphasized that all these studies have dealt solely with peripheral blood: since the great majority of atypical mononuclear cells lie outside the vascular compartment in the tissues (Custer and Smith, 1948; Goldberg, 1962) , it appears that the overall proliferative activity among these cells is likely to be considerable.
ATYPICAL MONONUCLEAR CELLS AND ANTIBODY FORMATION
Before considering atypical mononuclear cells as possible sites of antibody synthesis, a few recent observations on the general pattern of antibody formation in infectious mononucleosis will be briefly mentioned:
1
The Paul-Bunnell antibody falls into the high molecular weight 19S yM group of antibodies (Kunkel, Fudenberg, and Ovary, 1960; Wilkinson and Carmichael, 1964; Carter, 1966a) ; no 7S (yG) component has yet been demonstrated, particularly during the later phases of the disease when, in most other systems, 7S antibodies commonly appear.
2 Many of the 'false-positive' serological reactions which occur in this disease are also mediated by 19S yM elements, sensitive to mercaptoethanol (Jenkins, Koster, Marsh, and Carter, 1965; Carter, 1966b) .
3 There is an overall increase in yM globulin levels, shown qualitatively by enhanced yM precipitin arcs on immunoelectrophoresis (Carter, 1966a) , and quantitatively, by gel diffusion techniques (Wollheim and Williams, 1966 (Pearmain and Lycette, 1963; Elves et al., 1964; Schmid et al., 1965) (Quaglino and Dowling, 1964; Hersh and Oppenheim, 1965) . The first of these possibilities is fully discussed in Part II of this review but at present there is no evidence to suggest that atypical mononuclear cells are analogous to PHA cells. The alternative interpretations raised in (2) will also be considered later but two points may be noted now. First, there is no reason a priori to suppose that the atypical cells are abnormal elements (see 2c); secondly, the two other possibilities (2a, 2b) are entirely compatible not only with each other but with certain views on the heterogeneous nature and origin of the atypical cells (v.i.).
ANTIGENIC STRUCTURE This has apparently received no attention and only one purely empirical observation may be mentioned, namely, that atypical mononuclear cells are regularly clumped by leucoagglutinating sera (Carter, unpublished observations) . This is of some interest when comparing the atypical cells with leukaemic blast cells as the latter are not agglutinated by such sera (Killmann, 1960 (Carstairs, 1962; Elves et al., 1964) . Again there are similarities in ultrastructure but these seem to reflect, for the most part, the enhanced DNA synthesis which occurs in both cells. Both show increased 3H-thymidine uptake in vitro, but a much higher proportion of nuclear labelling takes place in PHA cells (Cooper, Barkhan, and Hale, 1963) . There are also differences in cytochemical staining: PHA cells contain little glycogen (except in the very earliest stages of transformation), no phosphorylase, and little non-specific esterase (Quaglino, Hayhoe, and Flemans, 1962) ; they are also intensely and uniformly pyroninophilic. Few if any atypical mononuclear cells can be stained by immunofluorescent techniques but some authors claim that PHA cells are readily stained by such procedures (Elves, Roath, Taylor, and Israels, 1963; Bach and Hirschhorn, 1963) , a finding which is difficult to reconcile with the generally unremarkable endoplasmic reticula in these cells. Many other aspects of transformed lymphocytes are also controversial and a comparison with atypical mononuclear cells may seem premature; but the information available at present suggests that they are probably separate entities.
THE ORIGIN OF ATYPICAL MONONUCLEAR CELLS
Lacking clear evidence that atypical mononuclear cells arise by transformation of mature lymphocytes, it is necessary to reconsider the old view, that these cells are formed de novo within lymphoid tissues. It has often been shown that atypical mononuclear cells, which are similar to those seen in the blood, are present in imprints of lymph nodes (e.g., Downey and Stasney, 1936; Strunge, 1944; Sundberg, 1947; Lucas, 1955) ; as they are clearly 'lymphoid' elements it is reasonable to suppose that they may arise in situ, particularly as cells indistinguishable from these occur not only in many other hyperplastic nodes (irrespective of the underlying aetiology), but also in normal lymphoid tissues. Downey and Stasney (1936) (Gavosto, Maraini, and Pileri, 1960) , the subsequent patterns of DNA synthesis are sometimes abnormal (Petrakis, 1953; Hale and Wilson, 1960; Hale and Cooper, 1963) , and there is a high incidence of chromosomal abnormalities (Ford, 1961; Gunz and Fitzgerald, 1964 (Downey and Stasney, 1936; Gall and Stout, 1940; Custer and Smith, 1948) . The histological picture is not specific and some authors (e.g., Marshall, 1956) include infectious mononucleosis in the category of lymphohistiocytic medullary reticulosis (RobbSmith, 1947) . Similar changes occur widely throughout the lymphoid tissues but it is generally agreed that bone marrow involvement is trivial: non-specific granulomata may occur (Campbell, 1948) and there may be a little intramedullary lymphopoiesis (Hovde and Sundberg, 1950) , but haemopoiesis is unaffected. Occasional cases of infectious mononucleosis are complicated by overt anaemia, agranulocytosis and thrombocytopenia, and smaller (subclinical) reductions, at least in granulocytes (Carter, 1966d) and in platelets (Carter, 1965c) , are surprisingly common. The factors responsible for such changes are illunderstood. The appropriate bone-marrow precursors are almost always present in normal or increased numbers and the relevant mechanisms seem to be acting peripherally rather than centrally (cf. the acute leukaemias). This view is supported by recent work showing an unexpectedly high incidence of the potentially lytic antibody anti-i (Jenkins et al., 1965; Rosenfield, Schmidt, Calvo, and McGinniss, 1965) and, rather less convincingly, by the occurrence of leuco-agglutinins and anti-platelet factors. By contrast, almost all workers regard the leukaemic blast cells as an abnormal alien which proliferates and overruns normal lymphoid tissues in a process which is ultimately irreversible; involvement of bone marrow to produce early and profound depression of normal haemopoiesis is a cardinal feature. 
